Acetate is a significant intermediate of anaerobic fermentation. There are two pathways for converting acetate to CH 4 and CO 2 : acetoclastic methanogenesis by acetoclastic methanogens, and syntrophic acetate oxidation by acetate-oxidizing bacteria (AOB) and hydrogenotrophic methanogens. Detailed investigations of syntrophic acetate-oxidizing bacteria (SAOB) should contribute to the elucidation of the microbial mechanisms of methanogenesis. In this study, we investigated the major phylogenetic groups of acetate-utilizing bacteria (AUB) in a mesophilic methanogenic chemostat fed with acetate as the sole carbon source by using DNA stable isotope probing (SIP) technology. The results indicated that acetoclastic methanogenesis and acetate oxidization/hydrogenotrophic methanogenesis coexisted in the mesophilic chemostat fed with acetate, operated at a dilution rate of 0.1 d -1 . OTU Ace13(9-17) (KU869530), Ace13(9-4) (KU667241), and Ace13(9-23) (KU667236), assigned to the phyla Firmicutes and Bacteroidetes, were probably potential SAOB in the chemostat, which needs further investigation. Species in the phyla Proteobacteria, Deferribacteres, Acidobacteria, Spirochaetes and Actinobacteria were probably capable of utilizing acetate for their growth. Methanoculleus was likely to be the preferred hydrogenotrophic methanogen for syntrophy with AOB in the chemostat.
Summary
Acetate is a significant intermediate of anaerobic fermentation. There are two pathways for converting acetate to CH 4 and CO 2 : acetoclastic methanogenesis by acetoclastic methanogens, and syntrophic acetate oxidation by acetate-oxidizing bacteria (AOB) and hydrogenotrophic methanogens. Detailed investigations of syntrophic acetate-oxidizing bacteria (SAOB) should contribute to the elucidation of the microbial mechanisms of methanogenesis. In this study, we investigated the major phylogenetic groups of acetate-utilizing bacteria (AUB) in a mesophilic methanogenic chemostat fed with acetate as the sole carbon source by using DNA stable isotope probing (SIP) technology. The results indicated that acetoclastic methanogenesis and acetate oxidization/hydrogenotrophic methanogenesis coexisted in the mesophilic chemostat fed with acetate, operated at a dilution rate of 0.1 d -1 . OTU Ace13(9-17) (KU869530), Ace13(9-4) (KU667241), and Ace13(9-23)
Introduction
Anaerobic digestion is an environmentally friendly and effective technology for reducing organic waste and recovering bioenergy. The degradation of organic matter to methane consists of four basic steps: hydrolysis, acidogenesis, acetogenesis, and methanogenesis.
Correspondingly, this process requires at least four physiologically different microbial groups:
hydrolyzing bacteria, fermenting bacteria, acetogenic bacteria, and two types (i.e., acetoclastic and hydrogenotrophic) of methanogenic archaea. Effective methanogenesis relies on the metabolic interaction between these microbial groups. In addition to the hydrolysis step, the conversion of the major intermediate metabolites, such as acetate and propionate, is rate-limiting. So far, two pathways for methane formation from acetate have been reported.
The first one is an acetoclastic pathway whereby acetate is utilized by acetoclastic methanogens, such as Methanosarcina and Methanosaeta. The methyl and carboxyl groups of acetate are converted to CH 4 and CO 2 , respectively. The second pathway includes a two-step reaction, in which acetate is first oxidized to H 2 and CO 2 by syntrophic acetate-oxidizing bacteria (SAOB) and then, the CO 2 produced is reduced to CH 4 by hydrogenotrophic methanogens in the presence of H 2 as a reducing agent. It is usually assumed that most of the CH 4 produced (up to ~ 67%) is derived directly from acetate (Conrad, 1999) . However, in several recent studies, it has been found that syntrophic acetate oxidation (SAO) is significant under some specific environmental conditions (Hao et al., 2011; Karakashev et al., 2006; Schnürer and Nordberg, 2008; Shigematsu et al., 2004) . SAO is the main pathway for acetate degradation when the acetate concentration is low (Shigematsu et al., 2003) , or if some inhibitors (particularly ammonium ions) are present (Schnürer and Nordberg, 2008) .
Because of the symbiotic relationships, isolation of syntrophic acetate-oxidizing bacteria is challenging. So far, only six SAOB, capable of forming syntrophy with hydrogenotrophic methanogens, have been isolated, including the thermophilic strain AOR (Lee and Zinder, 1988) , Thermacetogenium phaeum (Hattori et al., 2000) , and Thermotoga lettingae (Balk, 2002) as well as mesophilic Clostridium ultunense (Schnürer et al., 1996) , Syntrophaceticus schinkii (Westerholm et al., 2010) , and Tepidanaerobacter acetatoxydans (Westerholm et al., 2011) . The knowledge of SAOB in anaerobic digesters with complex microbial communities remains quite limited. Hence, studies of SAOB at the microbial community level are necessary to clarify the microbial mechanisms of methanogenesis. In previous studies, we analyzed the microbial community structures in a chemostat fed with acetate as the sole carbon source using 16S rRNA gene clone library analysis and real-time quantitative PCR (Shigematsu et al., 2003 (Shigematsu et al., 2004) . The results suggested that SAO dominated at a low dilution rate of 0.025 d -1 , and that the bacteria in the chemostat had a high diversity and were affiliated to four phyla: Firmicutes, Bacteroidetes, Chloroflexi, and candidate division OP12 (Shigematsu et al., 2003) . However, the particular species that were involved in SAO were unknown, because no clone was found to be closely related to any SAOB isolated to date.
Some homoacetogenic bacteria may reverse the direction of the acetyl-CoA pathway to allow for SAO (Hattori, 2008) . Formyltetrahydrofolate synthetase (FTHFS) is one of the key enzymes for reductive acetogenesis, and its coding gene has been used as an ecological biomarker for studying SAOB (Hori et al., 2011; Muller et al., 2013) . However, the information regarding SAOB revealed via this way is limited because the PCR primers for amplifying FTHFS genes were designed using the limited sequences from pure cultured species. Stable isotope probing of DNA (DNA-SIP) or RNA (RNA-SIP) avoids the limits of pure culture and FTHFS gene amplification and provides a link between phylogeny and function. In recent years, DNA-SIP has been widely used to identify the functions of uncultured microorganisms. By DNA-SIP, Rui et al. (2011) studied the SAO in the rice field soil by DNA-SIP and found that some species related to Thermacetogenium, and species in unclassified Thermoanaerobacteraceae, were responsible for SAO. However, knowledge of SAO and the responsible bacteria in methanogenic reactors remain largely unknown. The objectives of the present study were to identify, for the first time, potential SAOB in a mesophilic methanogenic chemostat fed with acetate as the sole carbon source by using DNA-SIP.
Materials and Methods

Construction and operation of the anaerobic chemostat fed with acetate as the sole carbon source
The seed sludge for the construction of the chemostat (working volume of 1.8 L) was obtained from an anaerobic digester treating distillery of an alcohol plant in Sichuan Province, China. The chemostat was operated at 37°C and fed with synthetic wastewater (TOC 8000 mg/L) containing acetate as the sole carbon source at a dilution rate of 0.1 d -1 . The set-up of the chemostat and components of the synthetic wastewater were the same as those described in the previous study (Shigematsu et al., 2003) . The microbial community in the chemostat operated stably for more than six months was used for the following experiments. 
DNA extraction and gradient fractionation
Twenty milliliters of sludge were used for DNA extraction after 7, 15 and 28 days according to the method described previously (Shigematsu et al., 2003) . The DNA of the duplicates was pooled in equal amounts and used for density gradient centrifugation. Density gradient centrifugation was performed following a previously described protocol (Lueders et al., 2003) . Briefly, the centrifugation solution was prepared by mixing 1.2 mL of the gradient buffer (GB) (0.1 M Tris-HCl [pH=8.0], 0.1 M KCl, and 1 mM EDTA) containing 2.5 µg DNA and 4.8 mL of 1.9 g mL -1 CsCl solution. Prior to centrifugation, the average density of mixtures was determined by using a digital refractometer (AR200, Reichert, USA) and adjusted by adding a small volume of the CsCl solution or gradient buffer, if necessary. The solution was transferred to a 6.3-mL quick-seal polyallomer tube and spun in a Ti90 fixed angle rotor (Beckman, USA) at 177,000 × g at 20°C for 40 h, using a Beckman Coulter Optima™ L-XP ultracentrifuge (Beckman Coulter, USA). Centrifuged gradients were fractionated from bottom to top into 15 equal fractions (~ 400 µL) with the fraction recovery system (Beckman Coulter, USA). A precisely controlled flow rate was achieved by displacing the gradient medium with sterile water at the top of the tube using a Model Pico Plus Syringe Pump (Harvard Apparatus, USA). The buoyant density (BD) of each fraction was determined by AR200 handheld refractometer (Reichert, USA). DNA was recovered by PEG6000
precipitation with glycogen and dissolved in 30 µL sterile water.
qPCR, cloning, sequencing, and phylogenetic analysis
In order to profile the distribution of DNA in the 15 fractions recovered, bacterial and archaeal 16S rRNA genes in all fractions were quantified by qPCR using the Eco TM real-time PCR system (Illumina, USA) with primer sets Eu27f/Eu518r (Shigematsu et al., 2006b ) and Arch349f/Arch806r (Takai and Horikoshi, 2000) . The bacterial clone AB54 with 99.0% sequence similarity to Proteiniphilum sp. S2 (GenBank database accession no. KP178480) and the archaeal clone Ar26 with 100% sequence similarity to Methanosarcina mazei (AB973358) were used as standards for the determination of bacterial and archaeal 16S rRNA gene copies, respectively. The 20-µL reaction mixture contained 10 µL of SYBR Premix Ex
Taq II (Takara, Japan), 0.8 µL of each primer solution, and 2 µL of the DNA solution.
Four bacterial clone libraries were constructed. Community DNA samples extracted from the chemostat, [ 13 C 2 ] acetate-labeled system (Ace13), and two heavy fractions (fraction 8 and 9) of Ace13, as judged by qPCR, were used for PCR amplification of bacterial 16S
rRNA genes using the primer set Eu27f/1490r (Shigematsu et al., 2006b ). The corresponding names of the resulting clone libraries were Bac, AB, Ace13 (8), and Ace13(9). Eight archaeal clone libraries were constructed using community DNA samples from the chemostat,
acetate-labeled system (Ace13), and three heavy fractions 9-11 from Ace12 and Ace13, judged by qPCR, using the primer set Ar109f/Ar915r (Großkopf et al., 1998) . The corresponding names of the resulting clone libraries were Arc, AA, A12-9, A12-10, A12-11, A13-9, A13-10, and A13-11. One formyltetrahydrofolate synthetase (FTHFS) gene clone library (F library) was constructed using the chemostat community DNA. FTHFS genes were amplified as described by Westerholm et al. (2011) . The degenerated primer sets FTHFSf (5′-TTYACWGGHGAYTTCCATGC-3′) and FTHFSr (5′-GTATTGDGTYTTRGCCATACA-3′) were used to amplify an 1100-bp fragment of the FTHFS gene. PCR products were purified and ligated into pMD19-T Simple Vector (Takara)
according to the manufacturer's instructions. Plasmids were transformed into Escherichia.coli DH5α competent cells (Takara), and randomly selected clones were sequenced by Sangon Biotech (Shanghai, China) Co., Ltd. using ABI 3730XL DNA analyzer (Applied Biosys-tems, Foster City, CA).
The sequences were analyzed by the DNAStar software package. Sequences with similarity ≥97% were classified as one operational taxonomic unit (OTU). OTU was clustered using mothur software (http://www.mothur.org/wiki/Main_Page). Phylogenetic analysis was performed using the MEGA4 software package (http://megasoftware.net/mega4/) after multiple alignments of sequences by Clustalx1.8 (http://www.clustal.org/). The phylogenetic trees were constructed using neighbor-joining methods. The confidence level for nodes was ascertained by performing a bootstrap analysis (1,000 replications). The Shannon-Wiener diversity index (H) was used as a measure of evenness and richness of the bacterial community, and was calculated from H = P i lnP i , where P i is the proportion of genera n i in the total bacterial community n.
Analytical methods
Parameters of suspended solids (SS), volatile suspended solids (VSS), total organic carbon (TOC), and volatile fatty acids (VFAs), were measured as described previously (Shigematsu et al., 2003) .
Nucleotide sequence accession numbers
The nucleotide sequences data of the 16S rRNA gene and FTHFS gene obtained in this study are available in the GenBank database under the accession numbers of KU667175-KU667248 and KX650503-KX650506.
Results
Performance of the chemostat fed with acetate as the sole carbon source
The mesophilic chemostat fed with the synthetic wastewater with acetate as the sole carbon source was operated stably for more than six months (Supplementary material, Fig.   S1 ). Table S1 summarizes the average values of parameters between days 395 and 518, when the reactor operated at a dilution rate of 0.1 d -1 . Gas production was stable and the accumulation of acetate was negligible during this period. Acetate fed into the chemostat was completely mineralized by the microbial community in the chemostat. Sludge samples on the day 518 were used for clone library analysis and DNA-SIP experiment.
Microbial community in the chemostat operated at 0.1 d -1
A bacterial and an archaeral 16S rRNA gene clone library, Bac and Arc libraries, were constructed to investigate the microbial community in the chemostat. In Bac, a total of 90 positive clones were analyzed and 28 OTUs were obtained (Fig. 1a) . They were assigned to eight phyla (Table 1) . Seven OTUs (30 clones, 33.33% of the total clones) were classified to the phylum Firmicutes (Fig. 2) . Among these OTUs, five of them were affiliated to the order (Fig. 3) . Bacteroidetes was the third predominant phylum in the Bac library represented by six OTUs (15 clones, 16.67%) (Fig. 3) .
Proteobacteria were the fourth predominant phylum in the Bac library, to which 9 OTUs (13 clones, 14.44%) belonged (Fig. 4) (Liu et al., 1985; Mah, 1980) . Methanosarcina mazei might mainly use acetate to produce methane in the chemostat, because no other acetoclastic methanogens were detected.
A formyltetrahydrofolate synthetase gene library (F library) was constructed to investigate SAOB in the chemostat. A total of 55 positive clones were analyzed and only four
OTUs were obtained (Fig. S2) shared only a 54% amino acid similarity with Thermoanaerobacterium saccharolyticum formyltetrahydrofolate ligase (WP_045408782). All OTUs shared low amino acid similarities with FTHFSs of known SAOB, suggesting that some of these OTUs might represent novel SAOB. The very limited number of OTUs in the F library might be due to the limited universality of the primers, which were designed based on limited FTHFS gene sequences.
As described above, although the chemostat was fed with acetate as the sole carbon source, the bacterial diversity was relatively high (H=2.76), compared with the other reactor fed with the same carbon source (H=1.1) (Kovacik et al., 2010) . With the exception of some detected fermentative bacteria responsible for sugar and protein degradation, the majority of OTUs showed a low sequence similarity to sequences of pure culture species. In addition, sequences of some OTUs showed a high similarity to sequences of uncultured clones from various environments, including methane generation reactors. No OTUs were found closely related to any pure-cultured SAOB isolated to date. The FTHFS gene sequences in the chemostat showed low values of amino acid similarity to the FTHFS gene sequences of pure-cultured SAOB. These results suggested the exciting possibility of the existence of novel acetate-oxidizing bacteria in the chemostat. (Fig. 5a ), whereas the amount of bacterial DNA in the heavy fraction of Ace12 (1.73-1.76 g·mL -1 ) was negligible (Fig. 5a ). This result indicated that some bacteria assimilated [ 13 C 2 ] acetate, and their DNA molecules were successfully labeled by 13 C. The distribution of archaeal 16S rRNA gene copies suggested that archaea were also labeled successfully (Fig. 5b) .
DNA-SIP
Comparison of microbial communities in Ace13 and Ace12
From Ace13, 90 bacterial clones (AB library) were analyzed (Fig. 1b) Based on the distribution patterns of archaeal 16S rRNA gene copies, the "heavy" DNA fractions with buoyant density (BD) values of 1.71-1.74 g·mL -1 (fractions 9 (the heaviest), 10, and 11, Fig. 5a ) were selected from Ace13 and Ace12 to construct archaeal 16S rRNA gene clone libraries. As shown in Table 2 , Methanosarcina was exclusively dominant in all six libraries. Compared with that no clone of hydrogenotrophic methanogens was revealed in A12-9, clones of hydrogenotrophic Methanoculleus and unclassified Methanococci accounted for 12.90% and 6.45%, respectively, of the total clones in A13-9. The percentage of unclassified Methanococci clones in A13-10 was 16.67%, which was much higher than that in A12-10 (2.7%). In addition, clones of Methanobrevibacter were found in A13-10, but not in A12-10. The methanogen communities in the lower BD fractions A12-11 and A13-11 were similar. These results indicated that in addition to acetoclastic methanogens, hydrogenotrophic methanogens were labeled, suggesting that the syntrophic acetate degradation pathway existed in the chemostat. The order of the labeling of three genera of hydrogenotrophic methanogens suggested that Methanoculleus was the primary partner of acetate-oxidizing bacteria.
Based on the distribution patterns of bacterial 16S rRNA gene copies, the "heavy" DNA fractions with BD values of 1.73-1.75 g·mL -1 (fraction 8 (the heaviest) and 9 (second heaviest)), Fig. 5b ) from both Ace12 and Ace13 were selected to construct bacterial 16S rRNA gene clone libraries. No PCR product was obtained when Ace12 fractions 8 or 9 were used as template, suggesting that the quantity of bacterial DNA in these two fractions was too low to be amplified by the primer set Eu27f/1490r. PCR products from Ace13 fractions 8 and 9 were obtained, and bacterial clone libraries Ace13(8) and Ace13(9) were constructed.
Clones assigned to Acidobacteria and Proteobacteria were dominant in both Ace13(8) and Ace13(9) ( Table 1 and Table 3 ). In Ace13(9), clones assigned to Spirochaetes, Firmicutes, Actinobacteria, Bacteroidetes and Deferribacteres were also detected. The majority of the clones showed a low sequence similarity to pure-cultured strains (Table 3) . These labeled bacteria might be novel acetate-utilizers (AUB) or SAOB responsible for acetate degradation in the chemostat.
The two OTUs in Ace13(8) were also found in Ace13(9). The predominant OTU, and Ace13(9-52), which accounted for 80% and 34.48% clones of the Ace13 (8) and Ace13(9), respectively (Table 3) , shared only a 80% sequence similarity with Bryobacter aggregatus strain MOB76 (AM887762) and a 92% sequence similarity with clone IRON_SNOW_NB_D2_P1 (FR667831) from an acidic coal-mining-associated lake. One OTU, Ace13(8-9) and Ace13(9-10), shared 99% sequence similarity with the Stenotrophomonas acidaminiphila strain AMX 19 (NR_025104), a strictly aerobic bacterium isolated from an upflow anaerobic sludge blanket reactor (Assih et al., 2002) . This OTU accounted for 20.00% and 10.34% of the total clones in Ace13(8) and Ace13 (9), respectively.
In addition to OTUs common with those in Ace13(8) , seven unique OTUs were identified in Ace13(9) ( Table 3) . Two OTUs (Ace13(9-17), Ace13(9-4)) were classified in Firmicutes, and both of them assigned to the order Limnochordales. However, the two OTUs had low sequence similarities with those pure-cultured SAOB. Among six SAOB strains isolated so far, five of them were Firmicutes species. OTU Ace13(9-4), which accounted for 13.79% of the Ace13 (9) clones, shared a 99% sequence similarity with the uncultured clone PHB05 (AB232819) obtained from a mesophilic propionate-degrading methanogenic reactor (Shigematsu et al., 2006a) (Table 3 , Fig. 2 ). OTU Ace13(9-17) shared a 97% sequence similarity with the uncultured clone BHB11 (AB248640) obtained from a mesophilic butyrate-degrading methanogenic reactor (Tang et al., 2007) . The same OTU were detected in Bac and accounted for 20.00% of the clones in Bac (Table 3 , Fig. 2 ).
OTU Ace13(9-23) accounted for 3.45% of the clones in Ace13(9). It shared a low sequence similarity of 85% with Parabacteroides chartae strain NS31-3 (NR_109439) but a high sequence similarity of 99% with the uncultured clone 3E (FR669199) obtained from the biocathode of a hydrogen-producing microbial electrolysis cell (Croese et al., 2011) . The same OTU was also found in Bac, where it accounted for 3.33% of the total clones (Table 3 , Fig. 3 ). OTU Ace13(9-90) was classified in Proteobacteria, and it shared a 98% sequence similarity with Thiobacillus thioparus strain THI 115 (HM535225) ( Table 3 , Fig. 4 ). OTU Ace13(9-8), which accounted for 20.69% of the clones in the Ace13(9) library, was affiliated to Spirochaetes and shared a 99% sequence similarity with Sphaerochaeta globosa strain Buddy (NR_114608) ( Table 3 , Fig. 3 ). OTU Ace13(9-93) was affiliated to Actinobacteria and shared a 91% sequence similarity with Raoultibacter massiliensis strain Marseille-P2849 (NR_144751). This OTU was closely related (96% sequence similarity) to the uncultured clone HN-HFO4 (FJ269084) obtained from enrichment cultures of dissimilatory iron-reducing bacteria (Wang et al., 2009) . OTU Ace13(9-60) was affiliated to
Deferribacteres and shared a 99% sequence similarity with Geovibrio ferrireducens strain PAL-1 (NR_029309), which was isolated from the surface sediment of a hydrocarbon-contaminated ditch (Caccavo Jr. et al., 1996) .
Discussion
Acetate is one of the major intermediates of anaerobic degradation under methanogenic conditions. The research on the degradation of acetate has been mostly focused on methanogens and known SAOB. However, the knowledge regarding SAOB is limited, because they cannot be easily obtained in pure cultures due to the difficulty of their isolation.
SIP provides the means to study the relationship between environmental functions and specific microbial community members.
In this study, a mesophilic anaerobic chemostat fed with acetate as the sole carbon source was constructed, and the emerged microbial community was analyzed. The results suggested that the community was complex and had a high diversity (H=2.76). Bacteria that did not take part in acetate metabolism but played roles in the degradation of components of dead cells might comprise a considerable proportion of the community (Narihiro et al., 2015) . FTHFS gene analysis suggested that the chemostat probably contained novel acetate-oxidizing bacterial species. Therefore, DNA-SIP was applied to identifying the bacteria that assimilated acetate in the chemostat. Due to a long period of domestication of the microbial community in the chemostat with acetate, the labeling time in the present study was much shorter than that in studies targeting other environmental microbial communities, e.g., the community of the rice field soil (Liu and Conrad, 2010) . After 15 days of incubation, labeled DNA was obtained at a density higher than 1.74 g mL -1 .
OTUs in Ace13(8) and Ace13 (9) were diverse but shared low sequence similarities with known SAOB, indicating the possibility of the existence of novel SAOB in the chemostat.
Two OTUs, Ace13(9-17) and Ace13(9-23), detected in heavy fractions were found in Bac.
These Two OTUs accounted for 23.33% of the total clones in the Bac library ( Fig. 2-4) . This observation suggested a high ratio of AUB in the chemostat. The two OTUs detected in both the Bac library and the Ace13(9) library might be the major AUB in the chemostat. OTU Bac2, which accounted for 20% of the total clones in Bac, was the same as the OTU Ace13(9-17) (Fig. 2) . This OTU had a 97% sequence similarity with the clone BHB11 (AB248640) obtained from a mesophilic butyrate-fed anaerobic bioreactor (Tang et al., 2007) .
Under methanogenic conditions, butyrate is degraded to acetate and H 2 , which creates appropriate conditions for SAOB. Thus, taking into account the observations in the present study, bacterium represented by clone BHB11 (AB248640) most likely oxidized acetate in the mesophilic butyrate-fed anaerobic bioreactor. OTU Bac2 was probably the major SAOB in the chemostat. OTU Bac41, which accounted for 3.33% of the clones in Bac, was the same as the OTU Ace13 (9-23). It shared a high sequence similarity of 99% with clone 3E (FR669199) obtained from the biocathode of a hydrogen-producing microbial electrolysis cell (MEC) fed with acetate (Croese et al., 2011) (Table 3) (Fig. 3) . The inoculum of the MEC, from which clone 3E was obtained, represented a mixed microbial community fed with a mixture of acetate and hydrogen from its early stage (Croese et al., 2011) . Therefore, considering the results of the present study, it could be deduced that bacterium represented by clone 3E
probably oxidized acetate to produce hydrogen in the MEC, and OTU Bac41 probably syntrophically oxidized acetate with hydrogenotrophic methanogens in the chemostat of the present study. However, further study in needed to confirm whether OTU Bac2 and OTU Bac41 are SAOBs.
Eight OTUs that were labeled by [ 13 C 2 ] acetate were not detected in Bac (Table 3) (Figs. 2-4). This result may be explained by the low abundance of these OTUs in the chemostat and limitations of the clone library analysis. In the phylum Firmicutes, OTU Ace13(9-4) showed a 99% sequence similarity with the uncultured clone PHB05 (AB232819). Clone PHB05 was obtained from a mesophilic propionate-degrading methanogenic reactor (Shigematsu et al., 2006a) , in which acetate was the product of propionate degradation. Considering those findings and the results of the present study, it is suggested that OTU Ace13(9-4) and clone PHB05 may be possible SAOB, which need further investigation. OTU Ace13(9-90) shared a 98% sequence similarity with the sulfur-oxidizing bacteria Thiobacillus thioparus strain THI 115 (HM535225), which might utilize acetate or CO 2 in the reactor. In the class Gammaproteobacteria, OTU Ace13(8-9) and OTU Ace13(9-10) clustered together and shared a 99-100% sequence similarity with aerobic bacterium Stenotrophomonas acidaminiphila strain AMX 19 (NR_025104) (Assih, 2002) . However, its growth was possible also under anoxic conditions, when it was coupled to nitrate and nitrite consumption, with acetate as the sole carbon source (Assih, 2002) . In the phylum Spirochaetes, OTU Ace13(9-8) shared a 99% sequence similarity with Sphaerochaeta globosa strain Buddy (NR_114608) (Fig. 3) . Ito et al. (2011) reported that bacteria belonging to Synergistes group 4 can utilize acetate with considerable efficiency. Thus, the Sphaerochaeta-related bacterium detected in the present study may have a function similar to that of the Synergistes group 4 bacteria. In the phylum Deferribacteres, OTU Ace13(9-60) shared a 99% sequence similarity with Geovibrio ferrireducens strain PAL-1 (NR_029309) isolated from the surface sediment of a hydrocarbon-contaminated ditch (Caccavo Jr. et al., 1996) . This bacterium is an obligately anaerobic, non-fermentative vibrio that can grow in an artificial medium with acetate as electron donor, whereas ferric pyrophosphate, ferric oxyhydroxide, ferric citrate, Co(III)-EDTA, or elemental sulfur can serve as the sole electron acceptor (Caccavo Jr. et al., 1996) . In the phylum Actinobacteria, OTU Ace13(9-93) shared a 96% sequence similarity with the uncultured clone HN-HFO4 (FJ269084) obtained from enrichment culture of dissimilatory iron-reducing bacteria (Wang et al., 2009) , which were fed with acetate as the sole carbon source (Wang et al., 2009) . OTU and OTU Ace13(9-52) clustered together and shared only a 92% sequence similarity with the most closely related clone IRON_SNOW_NB_D2_P1 (FR667831) obtained from an acidic coal mining-associated lake (Reiche et al., 2011) . All these labeled OTUs were related to acetate utilization but they accounted only for a small percentage of bacteria in the chemostat.
In this study, the diversity of labeled bacteria was higher than expected, which is consistent with the results of other studies. Hao et al. (2015) were labeled by 13 C-acetate in different environments, which indicates a high diversity of AOB. However, it is, to some extent, difficult to rule out cross-feeding and activity of some fermentative microbes that feed on decaying cells that had assimilated 13 C-acetate. In the present study, due to the long-term acclimation of the microbial community in the chemostat with acetate, the label time of 15 days was much shorter than that in the environment samples, which may have reduced to some extent the probability of cross-feeding. In fact, a 7-day label time did not result in heavy DNA. It was deducible, because the chemostat operated at a dilution rate of 0.1 d -1 and the specific growth rate (µ value) of the microorganisms in the reactor should be around 0.1 d -1 , corresponding to a generation time of 6.9 d. Hence, a label period longer than 7 days is necessary for the generation of heavy DNA. However, further studies are required to confirm the acetate oxidation function of the labeled bacteria in the present study.
With regards to the Archaea, the hydrogenotrophic methanogens Methanoculleus, unclassified Methanococci, and Methanobrevibacter were concentrated in the heavy fractions of 13 C-samples (fractions 9, 10) (Table 3) , which was another proof of the presence of SAO and hydrogenotrophic methanogenesis in the chemostat. A previous study demonstrated involvement of Methanoculleus in the process of syntrophic oxidation by acetate-oxidizing syntrophs and hydrogenotrophic methanogens in the primary pathway of total methanogenesis (Shigematsu et al., 2004) . Methanoculleus may have a high hydrogen affinity, because the concentration of hydrogen must be very low for the oxidation of acetate to be thermodynamically feasible (Schnürer et al., 1999) . The acetate-oxidizing ability of cultured acetate-oxidizing syntrophs Syntrophaceticus schinkii (Westerholm et al., 2010) and
Tepidanaerobacter acetatoxydans (Westerholm et al., 2011) was observed during their co-cultivation with Methanoculleus sp. Detection of the presence of hydrogenotrophic methanogens in the heavy fractions in the present study supported the notion that some of 13 C-labeled bacteria participated in syntrophic acetate oxidation in the chemostat.
In conclusion, acetoclastic methanogenesis and acetate oxidization/hydrogenotrophic methanogenesis coexisted in the mesophilic chemostat fed with acetate, operated at a dilution rate of 0.1 d -1 . OTU Ace13(9-17) (KU869530), Ace13(9-4) (KU667241) and 
